Abstract
The ability to catalyse an electrode reaction via direct (mediatorless) electron transfer has been demonstrated for a number of redox enzymes. In the case of mediatorless electron transfer, the electron is transferred directly from the electrode to the substrate molecule via the active site of the enzyme, or vice versa. The electron itself is the second substrate for the reaction. An important point characterizing bioelectrocatalysis is the catalytic removal of the reaction over-voltage. Therefore the enzyme attached to the electrode is able to catalyse electrode reaction and forms a 'molecular transducer'. The substrate can be detected by potentiometric measurement of the removal of reaction over-voltage. The enzyme laccase is able to catalyse the reaction of oxygen electroreduction.
Introduction
Several enzymes are able to catalyse direct (mediatorless) electron transfer. This phenomenon is also called bioelectrocatalysis. The major features that characterize mediatorless coupling, thereby differentiating it from the mediated type, are associated with: (i) electron transfer from the electrode to the substrate molecule, or vise versa, via the active site of the enzyme; and (ii) the catalytic nature of the whole process. Therefore one may conclude that in the case of mediatorless bioelectrocatalysis, the electron itself is a substrate for the reaction ; enzymic transformation and the electrode reaction cannot be considered as separate reactions.
An important point characterizing bioelectrocatalysis is the catalytic removal of the reaction over-voltage. In contrast with mediated coupling, where the redox transformation of the mediator occurs without over-voltage (it is a reversible process), in the case of bioelectrocatalysis the enzyme catalytically reduces the over-voltage. In terms of energy profile, it reduces the energy of activation for the electrochemical transformation of the substrate into a product.
The ability to catalyse electrode reaction via mediatorless electron transfer has been demonstrated for a number of enzymes by different research groups worldwide [l] . The application of the phenomenon of bioelectrocatalysis for the development of biosensors is associated with the ability of biocatalysts to form molecular transducers. The molecular transducer is a molecular layer formed by electrocatalytically active enzyme in intimate contact with the electrode surface, and this is capable of selective transformation of a chemical signal of the substrate into an electrical one. The electrical signal can be detected either by measurement of catalytically generated current flux (amperometric mode) or by measurement of the reduction of the reaction over-voltage (potentiometric mode).
Among electrocatalytically active enzymes, peroxidase and laccase are of special interest. These enzymes are able to catalyse important reactions for biosensor development, namely electroreduction of hydrogen peroxide [by peroxidase ; eqn. (l)] and oxygen electroreduction [by laccase; eqn. (2)]: H20,+ 2e-+ 2H++2H20
(1)
Notably, the reduction of reaction over-voltage caused by these enzymes is as high as 400-500 mV. This factor results in a high potential for the use of these enzymes in the development of potentiometric biosensors. A peroxidase-based molecular transducer is based on the coupling of peroxidase attached to the electrode with an enzyme that specifically catalyses a reaction of analyte transformation accompanied by the formation of hydrogen peroxide. A laccase-based molecular transducer is capable of detecting oxygen concentration. This sensing principle is on the basis of the coupling of the transducer with a specific Figure I Laccase-based molecular transducer formed by immunointeraction Abbreviations: Ag, antigen: Ab, antibody.
MOLECULAR TRANSDUCER FORMATION
enzyme able to utilize or to form molecular oxygen as a result of the catalytic transformation of the analyte. The application of enzyme-catalysed direct electron transfer for the development of enzyme biosensors has been extensively reviewed
The application of enzyme-catalysed direct electron transfer for the development of immunosensors has several advantages. For immunosensors, the detection principle is based not on detection of a substrate by a molecular transducer (as in the case of enzyme sensors), but on detection of formation/disintegration of the molecular transducer itself. The enzyme with great potential for application for such sensors is laccase. Its substrates are atmospheric oxygen and an electron directly transferred from the electrode. This permits design of a virtually reagentless immunosensor. The basic principle of the detection of the immunointeraction is presented in Figure 1 . The electrode is modified with antigen or hapten, and when laccase conjugate interacts with the antigen it forms a molecular transducer. When, owing to immunointeraction, the electrode surface is coated with a layer of laccaseantibody conjugate, a high electrode potential caused by the laccasecatalysed removal of over-voltage results. The electrode potential shift between the electrode before immunointeraction, and after the interaction, is approx. 400mV. The potential shift itself is a characteristic of the area of the electrode surface covered by laccase immunoconjugate. Therefore the electrode potential shift can be used for quantification of the immunointeraction occurring on the surface of the electrode. It is notable that the conjugate in the bulk solution not attached to the electrode surface is unable to catalyse the electron transfer, and does not affect the electrode potential. Therefore phase separation is not needed. r11.
Experimental Chemicals
Insulin was used as a model analyte for all the experiments described in this paper. Laccase from fungi was obtained from SynectiQ Corp., Denville, NJ, U.S.A. Monoclonal anti-insulin serum containing low-affinity, anti-insulin antibody was developed by Biocon Inc. (Rockville, MD, U.S.A.) from the A.T.C.C. HB127 hybridoma line. Laccase immunoconjugates were synthesized at SynectiQ Corp. All other chemicals were of analytical grade.
Electrode preparation
Graphite Ink (EXP 741801) obtained from Ercon (Wareham, MA, U.S.A.) was deposited on a plastic strip (8 mm x 40 mm) employing a mask (0.1 mm in depth) to form a forking electrode of 4mm-diam. with a connector 1 mm-wide, and then dried at 100°C for 4-6 h. The electrode body was then encapsulated with fast-dry enamel 720, obtained from Maybelline Inc. (New York, NY, U.S.A.), while the working electrode surface and a connector to the electrical circuit remained nonencapsulated. The electrode was then pretreated by soaking in 3 % (v/v) hydrogen peroxide solution for 20 min to create a hydrophilic surface. Immobilization of either the immunospecies or avidin was performed by physical absorption from the solution. The electrode was then incubated for 2 h at ambient temperature in a solution of trypsin inhibitor (0.1 mg/ml) in PBS to block free sites of non-specific binding. The electrode was then stored in PBS.
Measurement set-up
The immunomonitoring instrumentation (designed by SynectiQ Corp.) consisted of multiple test cells and sensing elements connected to a computer interface via a four-channel, high-impedance amplifier. A temperature controller was used to provide constant temperature during test measurements. A lap-top computer served for data acquisition and storage. The test cell employed was a plastic cuvette that permitted measurements in volumes as small as 3 0 0~1 . The thermostatically controlled cell holder had a lowfrequency vibrator, which served both to enhance analyte diffusion and to maintain a uniform temperature. This instrument permitted four different tests to be performed simultaneously.
Results and discussion
Different immunoassay formats have been developed for immunosensors on the basis of enzyme-catalysed direct electron transfer. An immunoassay based on the competitive scheme has been described for enzyme labels of both laccase
[2] and peroxidase [3]. However, the sensing element based on the competitive assay requires a stage where conjugate is added before the addition of sample, thus this element cannot be designed as an all-solid immunoprobe. In contrast, a sensing element on the basis of either a sandwich-or a displacement-assay format does not need components to start the measurement other than the analyte. This allows for the development of a reagentless immunoprobe.
T h e sensing element based on a sandwichassay format requires a separation membrane impermeable to the immunoconjugate, but permeable to the antigen (analyte). T h e primary antibody is immobilized on the electrode surface, whereas the secondary antibody coupled with a laccase label is non-immobilized. T h e diffusion of the analyte through the separating membrane towards the electrode results in formation of the complex antibody,-antigen-antibody,-laccase ( Figure 2 ). This leads to an increase of the electrode potential, caused by the electrocatalytic removal of reaction over-voltage (eqn. 2). Such a sensor can be designed as a reagentless, separationfree assay probe.
T h e assay format on the basis of a displacement scheme has a similar advantage: the sensing element is an all-solid reagentless probe. In this case, the electrode surface is modified with immobilized, low-affinity antibody and preincubated with a conjugate of laccase-antigen to form a antibody-antigen-laccase complex on the surface of the electrode. Free antigen (analyte) causes the displacement of the laccase-antigen conjugate from the electrode surface. This results in a decrease in the electrode potential that is proportional to the concentration of free antigen. T h e measurement can be performed either in the kinetic mode or by detection of the steady-state electrode potential, which corresponds to the immuno-equilibrium of the system. Generally, the sensitivity of such an assay is less than that of the alternative ones. T h e lowest detection limit achieved by using insulin as a model analyte is 1 pM. T o achieve the displacement of labelled antibodies by antigen-analyte, low-affinity antibody must be employed, limiting assay sensitivity. However, the simplicity both of the sensing element manufacture and of the assay procedure should be considered.
An alternative version of the displacementbased sensing element employs an immuno-interaction separated from the electrode surface. In this case, an antibody-laccase conjugate is modified additionally by biotin. This conjugate is bifunctional, having a site for immunointeraction with the analyte, as well as a site for specific interaction with an avidin-modified electrode. T h e electrode surface modified with avidin is able to capture specifically this conjugate due to the avidin-biotin interaction. This permits reagentless quantification of the immunoconjugate on the electrode when immunointeraction occurs elsewhere (Figure 3) . T h e rate of the avidin electrode potential increase is proportional to the concentration of the conjugate. This detection principle allows for the development of a reagentless detection with immunochromatography or immunofiltration. For example, the flow of the conjugateand antigen-containing sample through an immunocolumn that has been modified with immobilized antigen is followed by the reagentless Figure 2 Schematic representation of sandwich-based immunosensing element SANDWICH ASSAY detection of the conjugate on the avidin-modified electrode. The resulting electrode response is proportional to the concentration of the analyte. In the case of immunofiltration, where the analyte may be a large particle such as bacteria, the electrode signal is reversibly proportional to the concentration of the analyte.
The application of biotin-modified laccase immunoconjugates for the development of allsolid immunoprobes based on the displacement scheme has the advantage of high technological flexibility. The probe employs a separating membrane and an immunomembrane situated at some distance from the avidin-modified electrode (Figure 4) . Diffusion of the analyte through the separating membrane on to the immunomem- brane results in displacement of the laccaseantibody-biotin conjugate from the immunosorbent. The conjugate then diffuses towards the electrode and attaches to its surface by means of the biotin-avidin interaction. This results in an increase of the electrode potential, the rate of which is proportional to the concentration of the analyte. A low detection limit for insulin immunomonitoring below micromolar levels has been achieved. Because the capacity and amount of the immunosorbent is variable, the technological flexibility of such an approach is high. It is also important that the same avidin-modified electrodes may be used with a variety of immunomembranes. This simplifies the opportunity for technological design of numerous immunoprobes for a wide range of analytes.
The advantages of the application of laccasecatalysed direct electron transfer for development of immunosensors are associated with: (i) the reagentless nature of the assay procedure; (ii) all solid format of the immunoprobes; and (iii) simplicity and low cost of fabrication, which allows for manufacture of disposable sensing elements.
A potential for the practical application of immunoprobes on the basis of laccase-catalysed direct electron transfer is associated with:
High Throughput Screening for new drug development ; Individual quantitative immunoassay carried out by an untrained user (such as a patient); Application in combination with non-invasive or minimal invasive sampling systems for scheduled routine immuno-monitoring.
Figure 4
Schematic representation of a displacement-based sensing element employing a bifunctional laccase conjugate Abbreviation: L, laccase. (1986) [l], who showed that immobilization of enzymes in an electropolymerized film was suited to enzyme immobilization. Since then, many other polymers have been discovered. T h e most useful of these have been poly(pyrrole), poly(ani1ine) and poly(thiophene), but many others have been used. Non-conducting polymers like 0-and m-diaminobenzene have also been used, with good successes reported in general.
Foulds and Lowe
T h e growth of these polymers can be an important factor in considering the applications that they might be used for. Poly(ani1ine) is only soluble in acidic media and poly(thiophene) must be propagated in organic solvents, both of which thus have limited uses in the immobilization of biocomponents. This has led to poly(pyrro1e) (soluble in aqueous media) becoming the most investigated polymer for most studies involving conducting electroactive polymers. Non-conducting polymer films like 1,2-and 1,3-phenylenediamine form a thin film of uniform thickness on the surface as the film is grown until the thickness reaches a point where no more polymerization can take place.
Polymers can be grown by a variety of methods, including spin coating, physical adsorption and solvent casting, but the technique of electropolymerization [4, 5] is by far the most popular. There are several electrochemical procedures used for the growth of conducting polymer films: galvanostatic, potentiostatic and potentiodynamic growth. Galvanostatic growth is done by the application of a constant current. This method provides good control over film thickness, is very reproducible, and eliminates the need for a reference electrode. A 0.1-pm-thick film is produced by the passage of 24mC/cm2 of charge [6] and adhering to this relationship produces
